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Abstract. Large-scale TEC perturbations/enhancements ob-
served during the day sectors of major storm periods, 12–
13 February 2000, 23 September 1999, 29 October 2003,
and 21 November 2003, were studied using a high resolu-
tion GPS network over Japan. TEC enhancements described
in the present study have large magnitudes (≥25×1016
electrons/m2) compared to the quiet-time values and long pe-
riods (≥120min). The sequential manner of development
and the propagation of these perturbations show that they
are initiated at the northern region and propagate towards
the southern region of Japan, with velocities >350m/s. On
12 February 2000, remarkably high values of TEC and back-
ground content are observed at the southern region, com-
pared to the north, because of the poleward expansion of the
equatorial anomaly crest, which is characterized by strong
latitudinal gradients near 35◦ N (26◦ N geomagnetically).
When the TEC enhancements, initiating at the north, prop-
agate through the region 39–34◦ N (30–25◦ N geomagnet-
ically), they undergo transitions characterized by a severe
decrease in amplitude of TEC enhancements. This may be
due to their interaction with the higher background content
of the expanded anomaly crest. However, at the low-latitude
region, below 34◦ N, an increase in TEC is manifested as
an enhanced ionization pattern (EIP). This could be due to
the prompt penetration of the eastward electric ﬁeld, which
is evident from high values of the southward Interplanetary
Magnetic Field component (IMF Bz) and AE index. The
TEC perturbations observed on the other storm days also ex-
hibit similar transitions, characterized by a decreasing mag-
nitude of the perturbation component, at the region around
39–34◦ N. In addition to this, on the other storm days, at the
low-latitude region, below 34◦ N, an increase in TEC (EIP
feature) also indicates the repeatability of the above scenario.
It is found that, the latitude and time at which the decrease in
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magnitude of the perturbation component/amplitude of the
TEC enhancement are matching with the latitude and time
of the appearance of the high background content. In the
present study, on 12 February 2000, the F-layer height in-
creases at Wakkanai and Kokubunji, by exhibiting a typi-
cal dispersion feature of LSTID, or passage of an equator-
ward surge, which is matching with the time of occurrence
of the propagating TEC perturbation component. Similarly,
on 29 October 2003, the increase in F-layer heights by more
than 150km at Wakkanai and 90km at Kokubunji around
18:00JST,indicatestheroleoftheequatorwardneutralwind.
On that day, TEC perturbation observed at the northern re-
gion, after 18:30 JST, which propagates towards south, could
be caused mainly by the equatorward neutral wind, leading
to an F-layer height increase. These observations imply the
role of the equatorward neutral wind, which increases the F-
layer height, by lifting the ionization to the regions of lower
loss during daytime, when production is still taking place,
which, in turn, increases the TEC values.
Large-scale traveling ionospheric disturbances (LSTIDs)
are considered as ionospheric manifestations of the passage
of Atmospheric Gravity Waves (AGWs) that are generated
at the high latitude by energy input from the magnetosphere
to the low-latitude ionosphere. This study shows that large-
scale TEC perturbations observed here are produced at the
northern region due to the combined effects of the equator-
ward neutral wind, the subsequent F-layer height increase,
and LSTIDs. When these perturbation components propa-
gate through the region, 39–34◦ N, they undergo transitions
characterised by a decrease in magnitude. Also, at the low-
latitude region, below 34◦ N, an increase in the TEC exhibits
EIP feature, due to the prompt penetration of the eastward
electric ﬁeld.
Keywords. Ionosphere (Ionospheric disturbances) – Mag-
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1 Introduction
In the last decade, several new features, like turbulent up-
welling, electrodynamics of spread F, airglow observations
of mesoscale low-velocity traveling ionospheric disturbances
(TIDs), damping of LSTIDs, etc., of the mid-latitude iono-
sphere have been discovered by observations of radars, satel-
lites, all-sky imagers and GPS receivers (Fukao et al., 1991;
Miller et al., 1997; Garcia et al., 2000). The worldwide
distribution of the GPS receivers of the International GPS
Service (IGS) network makes it possible to draw a global
TEC map every 15min (Wilson, 1995; Ho et al., 1996). Ho
et al. (1996) studied the global distribution of TEC varia-
tions during a magnetically disturbed period with more than
60 worldwide GPS receivers. TEC variations in a local area
have also been studied with GPS receivers in equatorial (Kel-
ley et al., 1996; Musman et al., 1997), mid-latitude (Beach
et al., 1997), and high-latitude (Aarons, 1997) regions. It
is known that TIDs are the ionospheric manifestations of
the passage of Atmospheric Gravity Waves (AGWs) that are
generated at the high latitude by energy input from magne-
tosphere to the low-latitude ionosphere. Saito et al. (1998;
2001; 2002) have conducted studies on nighttime TIDs prop-
agating through the Japanese mid-latitude sector with veloc-
ities up to 150m/s, which produce a magnitude of perturba-
tion structures (with respect to the background content) up to
1TECU (1TECU=1016 electrons/m2).
During major geomagnetic storms, the mid-latitude region
is a scene for the inﬂuence of low-latitude and high-latitude
regimes and the conﬂict between the mechanisms, which are
active in those regions. Hence, the storm-time TEC vari-
ations at the region 15–35◦ geomagnetic latitudes are ex-
tremely complex. The storm-associated disturbance electric
ﬁeld, which is active at equatorial/low latitudes, the associ-
ated poleward expansion of equatorial ionization anomaly
(EIA), and the storm-driven disturbance neutral wind sys-
tem originating at the high-latitude regime, will produce un-
predictable TEC perturbations over the mid-latitude region.
TEC perturbations propagating through this region suffer se-
vere damping and undergo interesting transitions due to the
ionization gradients of the expanded anomaly crest.
Many excellent studies and reviews to summarize our cur-
rent understanding of ionospheric storms have been pub-
lished during the last few years (Fuller-Rowell et al., 1994;
Abdu, 1997; Pr¨ olss, 1997; Buonsanto, 1999). It is known
that two mechanisms are attributed to the positive storm-time
response of the ionosphere. One is the increase in the F-layer
height due to the equatorward blowing meridional winds
which drag the ionization upward along the magnetic ﬁeld
lines, where the recombination rate is lower (Pr¨ olss, 1995;
KutievandMuhtarov, 2003). Theotherisdownwellingofthe
molecule rich gas (N2 and O2) from F-layer heights (Fuller-
Rowell et al., 1996; Field and Rishbeth, 1997). This mech-
anism assures a decreased recombination at F-layer heights
that yields an increase of ionization.
The physical mechanism, which is traditionally involved
in order to explain the diurnal variation of the equatorial
anomaly, is the so-called fountain effect and this fountain
is controlled by the E×B drift. In a review regarding the
response of major phenomena of the equatorial ionosphere
thermosphere system to magnetospheric disturbances, Abdu
(1997) described the expansion of the equatorial ioniza-
tion anomaly (EIA) in latitude during intense storms. Ob-
servations from the far eastern sector during storm con-
ditions showing a poleward expansion of the equatorial
anomaly zone attributed to an enhanced eastward electric
ﬁeld at the equator, have been presented by Tanaka (1981),
Forbes (1989) and Huang and Cheng (1993). By generat-
ing ionospheric tomographic images for a chain of six sta-
tions from 14.6◦ N to 31.3◦ N, (3.3◦ N to 19.7◦ N geomagnet-
ically), Yeh et al. (2001) have observed that, on an average
day, the crest forms at 09:00 LT and moves poleward up to
21.7◦ N (geographically) and after that its density decreases.
These prior works revealed the expansion of the equatorial
anomaly crest poleward up to 20◦ dip latitude only.
During the ﬁrst day of a storm, a large increase in the
F-region electron density and the TEC are observed in the
afternoon and evening hours at mid-latitude (Mendillo et
al., 1972; Foster, 1993; Buonsanto, 1995), which may be
known as the dusk effect. In the American sector, this phe-
nomenon was studied by Buonsanto (1995), using incoherent
scatter radar data collected at Millstone Hill and total elec-
tron content data from the north-south chain of stations dur-
ing 26–27 May 1990, and he estimated the gradients in the
electron density and in the velocity components. He sug-
gested that a combination of mechanisms appear to have in-
volved, including a TID, advection of high-density plasma
from lower latitudes, and neutral composition changes. In
another study at the same location, Foster (1993) observed
that solar-produced F-region plasma can be transported by
the enhanced convection electric ﬁelds, through the noon
time cleft, from middle and low latitudes, and this storm-
enhanced plasma density feature produces positive enhance-
ments during the dusk sectors of the mid latitude, at the early
stages of storm.
The energy and particle injection that takes place dur-
ing magnetospheric disturbances produces multiple changes
to the Earth’s high-latitude ionosphere-thermosphere system
(Pincheira et al., 2002). Prompt penetration (PP) magneto-
spheric electric ﬁelds have been observed during times of
sudden changes in high-latitude convection, as evident in the
ionospheric response features observed at low and equato-
rial latitudes (Fejer and Scherliess, 1998; Abdu et al., 1995;
Sobral et al., 1997). These electric ﬁelds have also been ob-
served at mid latitudes (Blanc, 1983). Recently, Huang et
al. (2002) presented observations of mid-latitude ionospheric
plasma perturbations during two events and the direct rela-
tionship between the oscillations of the interplanetary/solar
windpressureandthemid-latitudedaysideionosphere. Their
study suggested that the mid-latitude ionospheric electron
density perturbations (∼30% within 30–70min) were caused
by the penetration of magnetospheric electric ﬁelds, which
were controlled or modulated by the oscillations in the
IMF/solar wind pressure. The magnetospheric electric ﬁeldsK. Unnikrishnan et al.: Transition region of TEC enhancement phenomena 3441
penetrate to the mid-latitude ionosphere and cause an up and
down motion of the ionospheric plasma. The plasma density
is increased or decreased due to the variations in the recom-
bination rate at different altitudes.
Basu et al. (2001) have studied the ionospheric effects of
major magnetic storms during September and October 1999,
by using multi-instrumental techniques at mid- and equato-
rial latitudes. They found that, at mid-latitude, the PP electric
ﬁeld is the cause for the TEC increase, followed by a rapid
TEC decrease related to the equatorward motion of the mid-
latitude trough. By analyzing the GPS data and Digisonde
data from Westford, Massachusetts (42.6◦ N, 288.5◦ E), they
observed evidence for an abrupt F-region height rise and an
increase in the TEC (∼10TECU around 21:30 UT), during
the storm period, which may be due to a combined effect
of an eastward electric ﬁeld in the presence of sunlight and
advection of plasma from the lower latitude (Foster, 1993;
Basu et al., 2001). Also, it is known that large-scale night-
time TEC enhancements during storms (Balan et al., 1991;
Unnikrishnan et al., 2002) are different from those of large-
scale daytime TEC enhancements, due to the difference in
the causative mechanisms.
Tsugawa et al. (2003) investigated the spatial structure and
temporal evolution of LSTIDs and obtained their damping
rates by considering the storm on 22 September 1999. Their
studies show that the perturbation component and period of
LSTIDs have maximum values up to 0.3TECU and 90min,
respectively. It may be noted that the TEC enhancements
described in the present study are different from the previ-
ous studies based on LSTIDs, because of the much higher
perturbation component (≥7TECU), period (≥120min) and
magnitude (≥25TECU) of the TEC enhancements observed
in the present study, compared to those of the LSTIDs.
In the present study, we observed storm-associated large
TEC enhancements during the daytime, especially during
the afternoon and evening hours (dusk sectors) over Japan
by using GPS data. When these TEC enhancements propa-
gate southward, around 36◦ N (27◦ N geomagnetically), they
undergo interesting transitions characterized by a severe de-
crease in the perturbation component and amplitude, due
to the oppositions offered by the high background content
at the southern region, due to the expanded anomaly crest.
At the low-latitude region, below 34◦ N (25◦ N geomagnet-
ically), TEC enhancements are observed, manifesting as an
enhanced ionization pattern (EIP) due to the prompt penetra-
tion (PP) eastward electric ﬁeld associated with the magneto-
spheric convections during the storm. The role of the F-layer
height variation during storms, observed using ionosonde
data, was checked. We also observed that the boundary
of the anomaly crest could be enhanced poleward, so as to
bring high background content at the southern regions of the
Japanese mid-latitude, during severe storms.
2 Observations and method of analysis
We have studied TEC perturbations during the day sectors,
associated with four major geomagnetic storms. A major
geomagnetic storm occurred during 11–12 February 2000,
with storm sudden commencements (SSCs) at 02:58 and
23:53 UT on 11 February, and the main phase developed on
12 February with Dst min of –133nT at 11:00 UT. TEC per-
turbations are observed during 02:00–06:00 UT on 12 Febru-
ary and during 05:30–08:00 UT on 13 February. The sec-
ond major storm of this study occurred on 22 September
1999, with SSC at 20:00 UT, with a Dst min of –173nT
at 22:00 UT and strong TEC perturbations were exhibited
on 23 September during 06:00–08:30 UT. The third major
storm we have studied occurred on 29 October 2003, with
SSC at 06:00 UT. On 30 October, another SSC occurred at
17:00 UT. Two Dst minima were observed with values of –
363nT and –401nT at 00:00 UT and 22:00 UT, respectively,
on 30 October. In association with this, TEC perturbations
were observed on 29 October 2003 during 09:30–11:30 UT.
The fourth major storm occurred on 20 November 2003 with
SSC at 06:00 UT, with a Dst min of –472nT at 19:00 UT.
TEC perturbations were observed on 21 November during
06:30–08:30 UT.
From GEONET, the GPS network in Japan, TEC data can
be derived from more than 1000 GPS receivers for a geo-
graphic latitude range 24–48◦ N and for a geographic longi-
tude range 124–148◦ E, every 30s. Two frequency observa-
tions (1575.42 and 1227.60MHz) of the Global Positioning
System (GPS) provide the relative ionospheric delay of elec-
tromagnetic waves traveling through the dispersive medium,
andthetotalamountsoffreeelectronsalongtheraypathscan
be derived from these ionospheric delays (Saito et al., 1998).
One receiver simultaneously receives signals from approxi-
mately 6 satellites. Therefore, TEC values are measured and
recorded along more than 5000 satellite-receiver paths, every
30s over Japan. This dense distribution of GPS receivers is
suitable to study spatial structures and the temporal evolu-
tion of TEC perturbations in detail. The high resolution TEC
maps over Japan have been derived with GEONET data since
1997 (Saito et al., 1998, 2001, 2002).
Otsuka et al. (2002) developed a new technique to derive
the absolute values of vertical TEC, in which a weighted
least-squares ﬁtting is used to determine unknown instru-
mental biases, assuming that the hourly TEC average is
uniform within an area covered by a GPS receiver. This
technique used in previous studies (Tsugawa et al., 2003,
2004) can produce absolute values of TEC in the accuracy
of 3×1016 electrons/m2.
In the present study, we used absolute values of vertical
TEC by adopting single-station, slant-to-vertical TEC con-
versions. TEC data were averaged along the longitude range,
since we are interested in the latitudinal variation of these
perturbationsoverJapan. An additional precautionwastaken
to avoid possible errors during the conversion of slant to ver-
tical TEC, due to high horizontal gradients. To minimize
these errors, and those caused by the cycle slips, only those3442 K. Unnikrishnan et al.: Transition region of TEC enhancement phenomena
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Fig. 1. (a) The comparison of typical temporal variations of storm-time (with a marking “s”) and quiet-time reference (with a marking “q”)
TEC at 39◦ N (which is the longitudinal average along Japanese sector) with the IRI model values (with a marking “m”) and (b) temporal
variations of Interplanetary Magnetic Field component (IMF Bz), AE index, and Dst during the period 11–13 February 2000. The shaded
area in Fig. 1b corresponds to the duration considered for Fig. 1a.
data with an elevation angle above 55deg are considered for
this study. At low- and high-latitude regions of the available
range, the errors due to the estimation of the instrumental
biases are larger and hence, we have chosen the best qual-
ity data over 32–44◦ N. By using these precautions, abso-
lute TEC can be derived with an accuracy of 2TECU dur-
ing storm and quiet times. Also, we found that the possi-
ble error factor in the absolute TEC at the boundary of the
expanded anomaly region and the southward traveling per-
turbed component, due to the strong horizontal gradients in
TEC, are limited to 1.8 and 1.5TECUs, respectively, which
will not affect the observations of the present study. By us-
ing the ionosonde data at Kokubunji (35.7◦ N, 139.5◦ E) and
Wakkanai (45.4◦ N, 141.7◦ E), F-layer height and foF2 vari-
ations during perturbations on 12 February 2000 and 29 Oc-
tober 2003 were compared with those of quiet-time values.
3 Results
Figure 1a shows the comparison of typical temporal varia-
tions of storm-time (with a marking “s”) and quiet-time TEC
(with a marking “q”) at 39◦ N (which is the longitudinal av-
erage along the Japanese sector) with the IRI model values
(with a marking “m”). As the reference, the average TEC
wasfoundofsixquietdayswithlowAp andDst values, prior
to the storm day. On 12 February 2000, around 02:00 UT
(11:00 JST), distinguishable storm associated TEC perturba-
tions were initiated, where both quiet-time (reference) and
IRI model values exhibited the usual diurnal trend. The
shaded area in Fig. 1b corresponds to the duration consid-
ered for Fig. 1a. The temporal variations of the Interplan-
etary Magnetic Field component (IMF Bz), AE index, and
Dst during 11–13 February 2000 (Fig. 1b), show that these
perturbations occurred during the initial and main phases of
the geomagnetic storm. When the IMF Bz is northward, its
sign will be positive and when it becomes southward, its sign
will change to negative. It is seen that IMF Bz becomes
predominantly southward and attains a maximum value of
–18nT around 23:00 UT on 11 February 2000 (08:00 JST,
on 12 February 2000) and continues the same trend for a
few hours with large oscillations. Due to the inﬂuence of the
southward IMF Bz, the AE index shows a maximum value
of about 1200nT around 00:00 UT (09:00 JST) on 12 Febru-
ary 2000 and it continues to be higher for the next few hours
with small oscillations. After changing the direction towards
the north, IMF Bz again becomes southward after 06:00 UT
(15:00 JST on 12 February 2000). Subsequently, the AE in-
dex increases again to a maximum value of 1200nT around
08:00 UT (17:00 JST on 12 February 2000) and undergos
oscillations by keeping higher values with 18:00 UT.
Figure 2 represents the contours for latitudinal and tem-
poral variations of (a) TEC, and (b) the storm-time TEC en-
hancements on 12 February 2000, compared to a quiet-time
reference. The values of TEC around 03:00 UT at 32◦ N and
39◦ Nareapproximately90×1016 electrons/m2 and65×1016
electrons/m2, respectively (Fig. 2a). This implies that high
values of background content and latitudinal gradient of TEC
exist at the low-latitude region.
The storm-time TEC enhancements on 12 February 2000
were derived by subtracting the quiet-time TEC (reference)
from the storm-time TEC. The TEC enhancement with re-
spect to the quiet-time reference (Fig. 2b) propagates to-
wards the south with an approximate propagation veloc-
ity of 550m/s after 02:00 UT (11:00 JST), whose maxi-
mum magnitude is 40TECU, and then undergoes consid-
erable reduction in magnitude after 36◦ N (27◦ N geomag-
netically). A black line is included in Fig. 2b to indicateK. Unnikrishnan et al.: Transition region of TEC enhancement phenomena 3443
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Fig. 2. The contours for latitudinal and temporal variations of (a) TEC, and (b) TEC enhancements on 12 February 2000 compared to
quiet-time (reference) values. The line drawn in this ﬁgure indicates the southward trend of propagation of TEC enhancements compared to
quiet-time (reference) values.
the trend, to clarify the southward propagation. Another en-
hancement with maximum magnitude 28TECU is seen after
04:30 UT (13:30 JST), whose propagation velocity is nearly
370 m/s. Its magnitude also reduces close to 38◦ N (29◦ N
geomagnetically). However, at the low-latitude region, be-
low 34◦ N (25◦ N geomagnetically), an increase in TEC is
manifested (Fig. 2b) as an enhanced ionization pattern (EIP)
after 02:30 UT (11:30 JST).
Figure 3 shows the contours for latitudinal and temporal
variations of (a) TEC, and (b) the perturbation component
of TEC, (1TEC) on 13 February 2000. The same parame-
ters (TEC and perturbation component) are also plotted on
the other storm days, such as 23 September 1999 (Figs. 3c
and d, respectively), 29 October 2003 (Figs. 3e and f, re-
spectively), and 21 November 2003 (Figs. 3g and h, respec-
tively). The perturbation components of TEC for this study
were derived by subtracting the background TEC from the
absolute TEC. The background TEC values (TEC0) for this
study were derived by ﬁnding the running average of abso-
lute TEC for suitable periods. The period of the running av-
erage was selected according to the typical periods of the
perturbations on 12 February 2000. These data (perturbation
components) of the above dates can clearly present the TEC
behavior during the above storm days (without any quiet-
time reference), whose scale sizes are comparable to that on
12 February 2000. Also, it is often difﬁcult to ﬁnd appropri-
atequietdaysforreferenceduringgeomagneticallydisturbed
periods.
Figure 3b exhibits the perturbation component observed
at 06:00 UT on 13 February 2000, with maximum value
8TECU, which propagates from the north (44◦ N) to the
south with a propagation velocity 480m/s. It is seen that the
magnitude of this perturbation component decreases around
35◦ N. However, at the low-latitude region, below 34◦ N,
an enhanced ionization pattern (EIP) is observed around
07:00 UT (Fig. 3b). On the same day, a similar phenomenon
(EIP) is also seen at the low-latitude region (below 34◦ N)
around 02:30 UT and 04:30 UT (Fig. 3b). On 23 Septem-
ber 1999, the perturbation component (with maximum value
8TECU) propagates from the northern region up to 38◦ N,
and thereafter suffers a considerable decrease in magnitude
(Fig. 3d). On 29 October 2003, this parameter has a max-
imum value of 7TECU, which propagates more southward
(compared to other days) and reduces considerably around
34◦ N (Fig. 3f). This may be due to the fact that the latitu-
dinal gradient of TEC during the same time is appreciable
only up to 34◦ N (Fig. 3e), which is blocking this propaga-
tion component (Fig. 3f). On this day, at the low-latitude re-
gion, around 32◦ N–34◦ N, EIP features are observed around
07:30 UT and 10:00 UT (Fig. 3f). On 11 November 2003, the
TEC perturbation decreases around 35◦ N (Fig. 3h). In the
perturbation ﬁgures (Figs. 3b, d, f, and h), we have included
black lines with the slopes corresponding to the southward
movements, and the slopes of these black lines are given in
the corresponding ﬁgure captions. The TEC values at low
latitudes (southern region) on the above dates (Figs. 3a, c, e,
and g) are high enough to restrict the perturbation compo-
nents, which are propagating from north to south (Figs. 3b,
d, f, and h). This indicates that the latitudinal sector of the
present study is a transition region for TEC enhancements,
due to the mutual interaction between the perturbation com-
ponent (presented in Figs. 3b, d, f, and h) and the opposition
offered by the high background content at the low latitude
(presented in Figs. 3a, c, e, and g), due to the inﬂuence of the
anomaly crest.
Amplitudes of the TEC enhancements were deﬁned as
|(1TECmax−1TECmin)|/ TEC0. The latitudinal variations
of the amplitudes of TEC enhancements are plotted as trian-
gles in Fig. 4. The latitudinal damping rate was found from
the gradients of the least-squares ﬁtted lines drawn in Fig. 4.
Since the amplitudes are rapidly decreasing over the 39–
34◦ N region, we calculated the damping rates at two latitude
sectors, 44–39◦ N and 39–34◦ N, separately. On 12 February
2000, the damping rate at 39–34◦ N is 0.0775/deg and that at3444 K. Unnikrishnan et al.: Transition region of TEC enhancement phenomena
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Fig. 3. The contours for latitudinal and temporal variations of (a) TEC and (b) the perturbation component of TEC on 13 February 2000.
The same parameters (TEC and the perturbation component of TEC) are also plotted on the other storm days, such as, 23 September 1999:
(c) and (d), respectively, 29 October 2003: (e), (f), respectively, and 21 November 2003: (g) and (h), respectively. In Fig. 3b, the black line
drawn with the slope=0.0043deg/s indicates the southward movement of the perturbation component on 13 February 2000. Similarly, the
southward movement of the perturbation component on 23 September 1999 (Fig. 3d), 29 October 2003 (Fig. 3f), and 21 November 2003
(Fig. 3h), are indicated by black lines with the slopes 0.005, 0.0056, and 0.0066deg/s, respectively.
44–39◦ N is 0.0052/deg (Fig. 4a). Similarly, on 23 Septem-
ber 1999, the values of this parameter over the regions,
39–34◦ N and 44–39◦ N, are, respectively, 0.0577/deg and
0.0155/deg (Fig. 4b). However, on 29 October 2003, the
values of this parameter over the above latitude sectors are,
respectively, 0.0506/deg and 0.0429/deg (Fig. 4c). It clari-
ﬁes quantitatively that the propagating perturbation compo-
nents undergo a transition/decrease at the low-latitude sector,
mainly due to the restrictions offered by the high background
content at that region.
Figure 5b shows the increase in the F-layer virtual height
on 12 February 2000 compared to the quiet-time values
observed by the ionosonde data at Kokubunji (35.7◦ N,
139.5◦ E) and Wakkanai (45.4◦ N, 141.7◦ E). The maximum
increase in the F-layer height observed at Wakkanai (at
1100 JST) is 1h earlier than that observed at Kokubunji
(at 12:00 JST), which is approximately 20km compared to
their respective previous hour values. Similarly, foF2 val-
ues at Kokubunji and Wakkanai (Fig. 5a) exhibit an increase
by a factor of 3MHz (at 12:00 JST). Another increase in
foF2 is also observed at Wakkanai by a factor of 2MHz,
around 14:00 JST. On 29 October 2003, the F-layer height
increased by more than 150km at Wakkanai and 90km at
Kokubunji, around 18:00 JST with respect to quiet-time val-
ues (Fig. 5d). These changes in the foF2 values at Kokubunji
and Wakkanai are, respectively, 3.5MHz (at 20:00 JST) and
1MHz (at 21:00 JST).
4 Discussion
The equatorial plasma fountain, responsible for the equa-
torial ionization anomaly (EIA) formation, could undergo
a signiﬁcant enhancement, or inhibition, under the action
of the disturbance electric ﬁelds during the storms. The
disturbance fountain covers a much wider latitudinal belt
than the normal fountain driven by the E-/F-layer dynamo
electric ﬁeld. The formation of latitudinally displaced crests
of expanded anomaly results from the diffusion process
that follows the initial disturbance fountain associated EIAK. Unnikrishnan et al.: Transition region of TEC enhancement phenomena 3445
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Fig. 3. Continued.
expansion (Abdu, 1997). In the case of both intense and
weak storms, the poleward expansion of EIA is caused by
the PP eastward electric ﬁeld and the contraction of EIA is
caused by the disturbance westward electric ﬁeld (Abdu,
1997; Pincheria et al., 2002; Tsurutani et al., 2004). In the
present study, IMF Bz becomes predominantly southward
and attains a maximum value of –18nT around 23:00 UT
on 11 February 2000 (08:00 JST, on 12 February 2000) and
continues the same trend for the next few hours with oscil-
lations. After changing the direction towards the north, IMF
Bz again becomes southward after 06:00 UT (15:00 JST)
on 12 February 2000. Subsequently, due to the inﬂuence of
the southward IMF Bz, the AE index shows a maximum
value of about 1200nT around 00:00 UT (09:00 JST) on
12 February 2000, and continues to be higher for the next
few hours. After showing a decrease, it increases again to
a maximum value of 1200nT around 08:00 UT (17:00 JST
on 12 February 2000) and undergoes small oscillations by
keeping higher values until 18:00 UT. This could be the
evidence for a PP eastward electric ﬁeld causing the TEC
enhancements at the low-latitude region, manifesting as an
enhanced ionization pattern (EIP) on 12 February 2000,
which is also repeated on other storm days studied here.
At low latitudes (away from the magnetic equator) the
F-layer height response to the electric ﬁeld is signiﬁcantly
modiﬁed by the existing conditions, of the meridional wind.
Changes in the ionospheric heights with respect to their
quiet-time pattern at low latitudes are produced by vertical
plasma drifts driven by (a) magnetospheric electric ﬁelds
penetrating to equatorial latitudes, (b) disturbance dynamo
electric ﬁelds, and (c) disturbance meridional winds. At low
latitudes (away from the magnetic equator) the meridional
wind, U, can contribute to the F-layer vertical drift by a fac-
tor of U∗ cos(I)∗ sin(I), (where I is the dip angle), such
that the observed changes in the vertical drift/F-layer height
in response to a given amplitude of the disturbance electric
ﬁeld could be ampliﬁed or diminished, depending on the di-
rection of the winds (equatorward or poleward) and the dip
angle (I) of the location (Abdu et al., 1995; Abdu, 1997).
The contribution of the meridional neutral wind will be max-
imum, if the dip angle is 45◦ N. In the Japanese sector, 32◦ N
of geographic latitude is the location of the 45◦ N dip an-
gle. Therefore, the decrease in amplitude and magnitude of
the polar-originated enhancements around the 36◦ N latitude
may be caused by the weakening of the storm associated neu-
tral wind and its inﬂuence on the F-layer vertical drift.3446 K. Unnikrishnan et al.: Transition region of TEC enhancement phenomena
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Fig. 4. The latitudinal variations of the amplitudes of TEC enhancements, |(1TECmax−1TECmin)|/TEC0 , are plotted as triangles on (a)
12 February 2000, (b) 23 September 1999, and (c) 29 October 2003. The latitudinal damping rate was found from the gradients of the
least-squares ﬁtted lines drawn at latitude sectors 44–39◦ N (dashed line) and 39–34◦ N (continuous line), separately.
It is known that the equatorward winds, driven by the in-
crease in Joule and particle heating, push the ionospheric lay-
ers to greater altitudes and across pressure surfaces. Within
this new regime of neutral composition, where fewer molec-
ular species are present, the ionosphere is slower to recom-
bine, and positive ionospheric changes are observed (Pr¨ olss,
1995; 1997). On 12 February 2000, the time of occurrence
of the increase in F-layer height (approximately 20km each
compared to their respective previous hour values) observed
at Wakkanai (at 11:00 JST) is one hour earlier than that ob-
servedatKokubunji(at12:00JST).Hence, theF-layerheight
variations at Wakkanai and Kokubunji are showing a disper-
sion feature of LSTID or passage of an equatorward surge.
The slight time delay between the maximization of TEC and
the ionosonde values may be due to the fact that the tempo-
ral resolution of GPS-TEC data is 30s and that of ionosonde
data is one hour. Another factor is that, depending upon lo-
cal time and pre-storm conditions, the maximum response of
foF2 to PP electric ﬁeld could have a delay of 1–3h (Abdu,
1997; Pincheira et al., 2002).
A storm-time increase in foF2 values on 12 February 2000
with respect to quiet-time values are observed at Kokubunji
and Wakkanai by 3MHz (at 12:00 JST) each. The time of oc-
currence of the increase in F-layer height and foF2 observed
at Wakkanai and Kokubunji are matching with the time of
observation of the TEC enhancement, which is propagating
from the north to the south around 12:00 JST. Another in-
crease in foF2 is observed at Wakkanai by a factor of 2MHz,
around 14:00 JST, and is not seen at Kokubunji, also match-
ing with the time of TEC enhancement observed at the north
(around 14:00 JST), which is being restricted near 38◦ N
(Fig. 2b). These observations imply the role of the equa-
torward neutral wind, which increases the F-layer height, by
lifting the ionization to the regions of lower loss during theK. Unnikrishnan et al.: Transition region of TEC enhancement phenomena 3447
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Fig. 5. Temporal variations of (a) foF2, and (b) F-layer virtual height on 12 February 2000 (continuous line with a marking “s”) compared to
the quiet-time values (dotted line with a marking “q”) observed by ionosonde data at Kokubunji (35.7◦ N, 139.5◦,E), and Wakkanai (45.4◦ N,
141.7◦ E). Also, those of (c) foF2, and (d) F-layer virtual height on 29 October 2003.
daytime, when production is still taking place, which, in turn,
increases the TEC values.
On 29 October 2003, the F-layer height is increased by
more than 150km at Wakkanai and 90km at Kokubunji
around 18:00 JST, with respect to their quiet-time values,
which indicates the presence and inﬂuence of the equator-
ward neutral wind (Fig. 5d). Simultaneously, TEC perturba-
tion observed at the northern region, after 18:30 JST, which
propagates towards the south (Fig. 3f), could be caused
mainly by this equatorward neutral wind, which produced
the observed increase in the F-layer height.
It is known that the period, phase velocity and the per-
turbation component for Disturb Time Damping LSTIDs
were 75±22min, 485±145m/s, and 1.3±0.7TECU (Tsug-
awa et al., 2004). Even though the other parameters are
much higher, the phase velocity of the propagation of
the TEC enhancement on 12 February 2000, observed in
the present study (550m/s), is comparable with those of
LSTIDs (487±145m/s). This implies that the wave front of
propagation of the observed TEC enhancement may be con-
tributed to by the LSTID. However, LSTIDs could not pro-
duce large TEC perturbations (Tsugawa et al., 2003, 2004),
as observed in the present study (≥7TECU, with duration
≥120min), which are propagating from the north to the
south. Hence, it is reasonable to believe that a combined
effect of an increase in F-layer height, caused by the equator-
ward neutral wind and the LSTID during sunlit conditions, is
contributing to the observed effects. This study shows that,
during day sectors of major storms, TEC perturbations over
Japanese mid-latitudes are initiated at the northern region,
propagate towards the south and undergo transitions by ex-
hibiting a decrease in amplitude and magnitude as they reach
39–34◦ N, due to the restrictions offered by the high back-
ground content at the southern region, due to the anomaly
crest.
The characteristics of the mid-latitude ionosphere are gen-
erally determined by the diurnal, seasonal and solar cycle
variations. However, during large disturbances, this regular
and predictable variability can be dramatically overturned, as
the forces which drive the high-latitude regime expand equa-3448 K. Unnikrishnan et al.: Transition region of TEC enhancement phenomena
torward or by the poleward expansion of equatorial ioniza-
tion anomaly (EIA). In the case of perturbation at 03:00 UT
on 12 February 2000, it is seen that TEC enhancements occur
simultaneously at the southern region below 36◦ N (Fig. 2b),
a characteristic of TEC enhancements caused by the inten-
siﬁcation of the eastward electric ﬁeld. However, the TEC
enhancements caused by the mechanisms which originate at
the polar regions (disturbed neutral wind system) are charac-
terized by the equatorward propagation (at the northern re-
gion above 36◦ N). It is to be noted that the duration of the
intensiﬁcation of the TEC enhancement at the southern lat-
itude is around 03:00–03:15 UT, which is almost same as
that of the intensiﬁcation of the TEC enhancement observed
at the north (Fig. 2b). The disturbed neutral wind and the
disturbed equatorial electric ﬁeld often work simultaneously,
because both mechanisms are modulated by the storm-time
energy inputs. But unlike the previous case, the perturba-
tion at 04:30 UT, caused by the polar originated mechanisms
(disturbed neutral wind system), reduces its magnitude con-
siderably around 38◦ N, and is not supported by the disturbed
equatorial electric ﬁeld, thereafter.
It is observed that, when the perturbation component/TEC
enhancement attempts to penetrate the regions of high back-
ground content, its strength may reduce to a certain extent
(Fig. 2b). This is because the expanded equatorial anomaly
crest is characterized by high-density plasma, with steep
latitudinal gradients in TEC, which will offer higher resis-
tance to the equatorward propagation of the perturbation
component. The quantitative aspects of this transition phe-
nomenon exhibit that on 12 February 2000, the amplitude of
the TEC enhancement decreases rapidly with a damping rate
of 0.0775 at 39–34◦ N, which is much higher than that at 44–
39◦ N (0.0052/deg) (Fig. 4a). Similarly, the damping rate on
23 September 1999, at 39–34◦ N (0.0577/deg), is more than
three times that observed at 44–39◦ N (0.0155/deg).
5 Summary
By using a high-resolution GPS network over Japan, storm-
associated, large-scale TEC perturbations observed during
the day sectors of major storm periods, 12–13 February
2000; 23 September 1999; 29 October 2003 and 21 Novem-
ber 2003, were studied. TEC enhancements described in
the present study are quite different from the previous stud-
ies based on LSTIDs, because of the much higher pertur-
bation component (≥7TECU), period (≥120min) and am-
plitude (≥25TECU) of TEC enhancements observed here,
compared to those of LSTIDs. The sequential manner of de-
velopment and the propagation of these perturbations show
that they are initiated at the northern region and propa-
gate towards the southern region of Japan, with velocities
>350m/s. On 12 February 2000, remarkably high values of
TEC and background content are observed at the southern re-
gion, compared to the north, because of the poleward expan-
sion of the equatorial anomaly crest, which is characterized
by strong latitudinal gradients near 35◦ N (26◦ N geomagnet-
ically). When the TEC enhancements, initiating at the north,
propagate through the region 39–34◦ N (30–25◦ N geomag-
netically), they undergo transitions characterized by a severe
decrease in amplitude of the TEC enhancements. This may
be due to the restrictions offered by the high background
TEC of the expanded anomaly crest. However, at the low-
latitude region, below 34◦ N, an increase in TEC is mani-
fested as an enhanced ionization pattern (EIP). This could be
due to the prompt penetration of the eastward electric ﬁeld,
which is evident from high values of the southward Inter-
planetary Magnetic Field component (IMF Bz) and the AE
index.
The TEC perturbations observed on the other storm days
also exhibit the similar transitions by decreasing the magni-
tude of the perturbation component at the region 39–34◦ N
(30–25◦ N geomagnetically). In addition to this, on the other
storm days, at the low-latitude region, below 34◦ N, an in-
crease in TEC (EIP feature) also indicates the repeatability
of the above scenario. It is found that the latitude and time
at which the decrease in the magnitude of the perturbation
component/amplitude of the TEC enhancement are match-
ing the latitude and the time of appearance of the high back-
ground content. This indicates that the latitudinal sector of
the present study is a transition region for TEC enhance-
ments, due tothe mutualinteraction between the perturbation
component and the opposition offered by high background
content, due to the inﬂuence of anomaly crest. The quan-
titative aspects of the TEC enhancements studied here also
generally clarify the above observations.
On 12 February 2000, the F-layer height increases at
Wakkanai, and Kokubunji by exhibiting a typical disper-
sion feature of LSTID or passage of an equatorward surge.
On 29 October 2003, the F-layer height increased by more
than 150km at Wakkanai and 90km at Kokubunji, around
18:00 JST, which could be due to the inﬂuence of the equa-
torward neutral wind. The time of occurrence of an increase
in the F-layer height and foF2 observed at Wakkanai and
Kokubunji are matching the time of observation of the TEC
enhancements observed on these days, which are propagat-
ing from the north to the south. These observations imply the
role of the equatorward neutral wind, which increases the F-
layer height, by lifting the ionization to the regions of lower
lossduringthedaytime, whenproductionisstilltakingplace,
which in turn increases the TEC values.
Even though the other parameters, such as the perturbation
component and period, are much higher, the phase velocity
of the propagation of the TEC enhancement on 12 February
2000, observed in the present study (550m/s), is comparable
with those of the LSTIDs observed in the previous studies
(487±145m/s). This implies that the wave front of propaga-
tion of the observed TEC enhancement may be contributed to
by LSTID. However, LSTIDs could not produce large TEC
perturbations as observed in the present study (≥7TECU)
with a duration ≥120min,. A combined effect of an in-
crease in the F-layer height, caused by the equatorward neu-
tral wind, and the LSTID, are contributing to the observed
effects.K. Unnikrishnan et al.: Transition region of TEC enhancement phenomena 3449
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